Single crystals and polycrystals of aluminium containing non-deformable second-phase particles of silicon, have been deformed, and the resultant structures investigated by microscopy and by X-ray and microtexture techniques. The particle size is found to influence the scale of the deformation bands formed, and there is evidence that particles may affect the nucleation of these bands. The deformed materials were recrystallized, and the effect of particle stimulated nucleation on the weakening of the rolling texture is discussed with reference to a computer simulation. In contrast, the recrystallization texture of particle-containing single crystals deformed on only two slip systems is sharp, and it is shown that the texture components are consistent with plasticity theory.
INTRODUCTION
Despite extensive research, there are many aspects of the effects of second-phase particles on deformation and annealing that remain unclear. These include the effect of particles on large scale microstructural heterogeneities such as deformation bands and shear bands, and the effect of particle stimulated recrystallization on texture. The present work has been carried out on model alloys in order to investigate these effects.
MATERIALS AND METHODS

Materials
An alloy of aluminium containing 0.8 wt% Si was chill cast as rods of 15 mm diameter. Rectangular specimens for cold rolling, were machined from the rods and heat treated to produce predominantly equiaxed precipitates of Si of various sizes. The heat treatments used were based on those of Humphreys (1977) and consisted of a solution treatment at 580C followed by a cold water quench. Fine, uniform precipitation was induced by an anneal at 250C. The then grown by a further anneal at high temperature (400 or 480C), and the specimens were slowly cooled to avoid any further nucleation of precipitates. Details of the particle parameters are given in Table 1 . The grain size of the polycrystals was 500 m.
Single crystals of various orientations were grown, and compression specimens of diameter 6 mm and length 12 mm were cut from these. The single crystals were heat treated to produce particles in the manner described above. The orientation of the single crystals is shown in Figure 2 .
Previous work (Humphreys, 1977 and Humphreys, 1979) has shown that the particles do not deform or fracture during the subsequent deformation of the samples, Therefore these particles, which are contained in a low alloy matrix (AI-0.1% Si) provide a reasonably ideal model system.
Experimental Methods
Deformation was carried out in compression in a screw driven Instron testing machine at room temperature at a strain rate of 10 -4 S -1. Specimens were also cold rolled to various reductions between 150 mm rolls, operating at 100 rpm.
Specimens were subsequently sectioned parallel to the compression axis, or perpendicular to the rolling plane by spark erosion, and were examined optically in plane polarised light after anodising, by SEM, using backscattered electron imaging, and by transmission electron microscopy. Bulk texture measurements were made by X-ray diffraction using a Philips Schulz-type diffractometer.
Microtexture measurements were made by using the electron backscatter (EBSP) technique (Dingley 1987 material is rotated (Humphreys and Kalu, 1990) . As the volume fraction of particles is small in these specimens, the volume of the deformation zones is small and therefore the effect on the deformation texture is very limited.
Microstructure
I'ransmission electron microscopy of the microstructures developed close to the particles in similar materials has been reported previously (Humphreys, 1977 (Humphreys, , 1979 . In this paper, we concern ourselves with the effect of the particles on the (Becker et al., 1991) .
Although the general principles of the formation of deformation bands follow from crystal plasticity theory, the factors governing the scale of this fragmentation are not so clear. As shown schematically in Figure 3 , a crystal or grain of a certain orientation (a) may split into two orientation components during deformation, but whether these bands will be coarse (b) or fine (c) is not obvious.
We have examined the effect of particles on the scale of deformation band formation by examining the behaviour of single crystals of identical orientation, but containing particles of different sizes. The initial orientation of the compression axes of the crystals is shown in Figure 2 .
The microstructures of Figure 4 show the profound effect of particle size on the scale of the deformation bands. In the crystal with small particles (d 0.7/m) the deformation bands are coarse, as shown in Figure 4b , with a typical spacing of 100/m, and the spacing is very similar to that in the single-phase alloy. However, in the crystal containing larger particles (d 5/m), the bands are an order of magnitude finer as shown in Figure 4a . The orientations in the region of the deformation bands in the crystals was studied by means of electron backscatter patterns. Figure 5a is an electron micrograph of deformation bands in a crystal of orientation 2, containing small particles (SCS2). The orientation of the matrix measured during a traverse along the marked line is shown in Figure 5b . The orientation angles presented in Figure  5b are given relative to a reference orientation, and were obtained from the measurement of angle/axis pairs. The orientation results clearly identify the structures as being deformation bands with alternate misorientations of around 30. Figure 6a shows a micrograph and the corresponding orientation measure- Figure 2 The orientation of compression axes of the crystals 2 and 11 whose behaviour are discussed in this paper. centre of the pole figure corresponds to the compression axis. Figure 7a shows the total spread of orientations found across the sample. Figures 7b, c, and d show how these orientations divide into three fairly sharp orientations, corresponding to the well characterised deformation bands in this material. The equivalent results for crystal-SCL2 are shown in Figure 8 . Compared to Figure 7a , the spread of orientations is somewhat smaller. However, the orientations of this figure could not be separated into clearly defined orientation components. A few isolated large particles (d--20/m) were found in the crystal containing the small particles, and as shown in Figure 9 , there is a clear association between the deformation bands and the large particles. The results presented here suggest that the large particles act as nucleation sites for the deformation bands. Whether this is due to the dislocation activity in the region of the particles during plastic relaxation (Humphreys and Kalu, 1990) 
RECRYSTALLIZATION PolycrystalsmCold Rolled and Annealed
Microstructures. The microstructures developed in polycrystals which were annealed after cold rolling 85% are shown in Figures 10 and 11 . Figure 10a shows the initial stages of recrystallization in an alloy containing large (6 #m) particles (PCL). Particle stimulated recrystallization is seen to occur, and the fully recrystallized alloy (Figure 10b ) has a structure of small equiaxed grains. Figure   11 shows the recrystallized microstructure of a polycrystal containing smaller (1.5 #m) particles (PCS), which is almost fully recrystallized. In this material, particle stimulated nucleation occurs only at particles in the prior grain boundaries, where the particles are slightly larger, and in these areas a structure It has been observed by several workers that the texture in a rolled polycrystalline alloy in which PSN occurs is not random, but is a spread of the rolling texture (Jensen et al., 1985 Humphreys and Jensen, 1986 , Jensen et al., 1987 . However, measurements in a partially recrystallized sample of the relationship between the nuclei and the deformed matrix indicate that the misorientations are generally large (Chan and Humphreys, 1984) . Figure 12 confirms this, and shows that the misorientations generally lie between 10 and 50. The In order to test this hypothesis, a simple computer model of PSN textures has been developed. "Grains" of the orientation components which comprise the deformation texture of aluminium were generated in a computer, and the spread around these orientations was chosen to be such as to produce a 111 pole figure of similar strength to the experimental one of Figure such a model are shown in Figure 13a , and a contour plot for a 10,000 grains is shown in Figure 13b .
To represent the grains nucleated by PSN, each of the grains in the deformed structure was allowed to nucleate 100 grains whose orientations deviated (randomly) by between 5 and 45 from the parent grain. Rotations about random axes or about specific axes such as (111) were investigated, although no marked effect of rotation axis was noted. The resultant polefigure is shown in Figure 13c . Figure 14a . The majority of these orientations fall into two well defined orientation groups as shown in Figures 14b and 14c . The mean orientation of each of these groups and the relationship with the deformed matrix is shown in Figure 15a and b, and the axes of rotation between the matrix and the recrystallized grains is shown in Figure 16 . The orientation of a grain originating by particle-stimulated nucleation is expected to be an orientation present in the deformation zone adjacent to the particle. It has been shown that in particle-containing single crystals, for the operation of a single slip system (hkl) [uvw] , the orientations within the deformation zone are related to the matrix by a rotation about the axis hkl^uvw (Humphreys 1979) . Recent work on deformed particle-containing polycrystals is consistent with this model (Humphreys and Kalu 1990) . (a) (b) Figure 15 The orientations, represented by 111 poles, of the two recrystallization texture components measured in Figure 14 , compared to the orientation of the matrix, whose orientation is shown dotted.
For crystal 2, whose initial and final orientations are shown in Figure 2 , the predicted slip systems, shear strains and rotation axis are shown in Table 2 . The predicted rotation axes are compared in Figure 16 with those found experimentally. The agreement between the theory and experiment is good, suggesting that the model is valid for single crystals deforming on two slip systems. We detected no cases of nucleation of more than one grain at any particle, and assume that the (2) The recrystallization texture of a cold rolled polycrystal containing large (6 #m) particles is a weakened rolling texture. It is shown that this is consistent with particle stimulated nucleation with orientations rotated by up to around 45 from the matrix.
(3) The recrystallization texture of a single crystal deformed on two slip systems is sharp and is accounted for by nucleation from a restricted number of deformation zones. The rotation axes are consistent with a model for the plasticity of two-phase alloys.
